Background Conservation of single nucleotide polymorphisms (SNPs) between human and other primates (i.e., heterospecific SNPs) in candidate genes can be used to assess the utility of those organisms as models for human biomedical research. Methods A total of 59,691 heterospecific SNPs in 22 rhesus macaques and 20 humans were analyzed for human trait associations and 4207 heterospecific SNPs biallelic in both taxa were compared for genetic variation.
Introduction
The rhesus macaque (Macaca mulatta) is the most common non-human primate model for human biomedical research. With the exception of the chimpanzee, cercopithecoid monkeys, such as the rhesus macaque, provide the most closely related model organism to humans, being phylogenetically separated for about 25 million years [15] . Genomewide comparisons between the two species have identified regions of high genomic orthology and synteny [13, 28, 42] . Both Gibbs et al. [28] and Yan et al. [42] identified regions of human sequence associated with known human traits that are apparently orthologous to regions of the rhesus macaque genome. The rhesus macaque model has been used to study infectious diseases [8] that affect humans, including HIV/ rhesus macaques, relatively few are shared between the two species, and, therefore, likely to have similar phenotypic effects.
In an attempt to identify SNPs shared between both humans and rhesus macaques, Kanthaswamy et al. [13] hybridized DNA from two rhesus macaques, one of Indian origin and one of Chinese origin, to the Affymetrix Human SNP 6.0 Array that was designed using 906,000 human SNPs, many of which were derived from the HapMap database [19] . Kanthaswamy et al. [13] reported that approximately 85,473 heterospecific SNPs (i.e., SNPs that are conserved in both humans and rhesus macaques) were shared between humans and rhesus macaques. Of those, over 65,000 SNPs were purported to be conserved in Chinese and Indian rhesus macaque gene orthologs [13] . Because many of the SNPs on the human array found to be heterospecific have been shown to be associated with human traits, the presence of these SNPs in rhesus macaques, with the same reference SNP ID (rs number), may provide essential biomarkers for testing hypotheses that these SNPs foster similar phenotypic effects in both species. To obtain a clearer insight into the species-specific variation and functional potential of heterospecific SNPs in each species, we used comparative genomic and population genetic approaches based on a larger sample set of rhesus macaques (N = 24) and a geographically heterogeneous sample of humans (N = 20). The objectives of this study were to (i) assess the genetic variation within and between rhesus macaques and humans using the heterospecific SNPs and (ii) determine the allelic states of rhesus macaque SNPs in orthologous genomic regions associated with human traits.
Materials and methods
The research reported in this manuscript adhered to the approved protocols of the UC Davis Institutional Animal Care and Use Committee (IACUC) and the legal requirements of the United States where the research took place. Twenty-four unrelated Indian rhesus macaques housed at the California National Primate Research Center (CNPRC) under conditions reported in Kanthaswamy et al. [12] were randomly selected for this study. Whole blood was drawn from each individual into EDTA Vacutainer tubes by the CNPRC veterinary staff following standard operating procedures. Individuals showing any adverse effects, such as stress or trauma, from the procedure were immediately treated according to the CNPRC standard operating procedures. Genomic DNA (1.5 lg) was extracted from the whole blood using the Qiagen QIAamp DNA blood mini kit (Valencia, CA, USA).
The DNA samples were hybridized to the NimbleGen AccuSNP (Madison, WI) custom array containing the 85,473 heterospecific SNPs that Kanthaswamy et al. [13] identified from the Affymetrix Genome-Wide Human SNP 6.0 array (Santa Clara, CA, USA), processed, and subjected to general QC at NimbleGen's service laboratory. Of the 24 rhesus macaque samples, 22 were successfully genotyped, but only 20 were genotyped with at least 90% completeness. Genotypes generated for SNPs on the Affymetrix Genome-Wide Human SNP 6.0 array in 20 random human samples, comprised of five unrelated individuals each from the four major HapMap ethnic populations (including CEPH (Utah residents with ancestry from northern and western Europe), Yoruba in Ibadan, Nigeria, Han Chinese in Beijing, and Japanese in Tokyo) were downloaded from the HapMap data repository [38] and compared to the rhesus macaque genotype data. Of the total 85,473 heterospecific SNPs that were interrogated, only 79,404 were successfully genotyped for both data sets. On average, SNPs and individuals were genotyped with 88.84% and 99.32% completeness for rhesus macaque and human samples, respectively.
A total of 59,691 autosomal SNPs were genotyped with at least 90% completeness and queried against the National Center for Biotechnology Information's dbSNP [33] (http://www.ncbi.nlm.nih.gov/projects/ SNP/) and Online Mendelian Inheritance in Man [9] (OMIM; http://www.ncbi.nlm.nih.gov/omim) databases as well as the National Human Genome Research Institute's (NHGRI) Catalog of Published GenomeWide Association Studies [11] (http://www.genome.-gov/gwastudies/) to identify possible human disease and trait associations. The results from these databases were compared to identify the total number of SNPs associated with human disease/phenotypes and those that were cross-listed in the three databases. The human ancestral alleles as listed in the databases and their associated human phenotypes were identified for SNPs from the OMIM database results and compared to the rhesus macaque alleles to identify derived alleles.
Observed (OH) and expected (EH) heterozygosities and minor allele frequencies (MAF) for the human and rhesus macaque samples were calculated using only the 4207 biallelic (two alleles per position that are the same in both species) heterospecific SNPs with PLINK v.1.07 [27] (http://pngu.mgh.harvard.edu/purcell/plink/) following the methods of Trask et al. [40] . Statistical significance of differences in estimates of OH, EH, and MAF between the two species were evaluated using a one-tailed Mann-Whitney U-test with Bonferroni correction.
Results
Of the 59,691 heterospecific SNPs that were analyzed in this study, only 4207 were biallelic in the samples of both species. The rhesus macaque and human samples exhibited average values of observed heterozygosity of 0.119 and 0.337, average values of expected heterozygosity of 0.102 and 0.323 (Fig. 1) , and average MAF values of 0.063 and 0.239 (Fig. 2) , respectively. The Mann-Whitney U-tests revealed statistically significant differences in OH, EH, and MAF between humans and rhesus macaques (P << 0.01 for all three comparisons).
Four hundred and thirty-one of the 59,691 heterospecific SNPs analyzed here were found to have some clinical significance (benign or pathogenic) and associated with human traits and/or diseases. The results of the database query are listed in the Supplementary document and summarized in Table 1 . Sixty-one SNPs were linked to verified genetic traits or disorders in the OMIM database, 14 of which involve functional mutations in specific traits. Eighty-six SNPs were not linked to an OMIM entry but contained clinical significance data in the dbSNP database, and the remaining 284 SNPs were determined to be associated with traits and diseases through NHGRI's curation of published whole-genome association studies but have not been verified by OMIM. Rhesus macaques were monomorphic for 400 of the 431 SNPs and biallelic for only three of the 61 OMIM identified SNPs. While almost all of the 400 'fixed' SNPs in the rhesus macaque samples represented the ancestral allele in humans, five SNPs were monomorphic for the human-derived alleles that have been shown to be associated with several phenotypes in humans including stature, obesity, polycythemia vera, thrombocythemia, myelofibrosis, as well as hypercarotenemia and vitamin A deficiency.
Discussion
The use of heterospecific SNPs permitted a direct genomic and population genetic comparison between rhesus macaques and humans, but this approach may have introduced an ascertainment bias that favored greater genetic diversity in humans. Focusing on heterospecific SNPs in rhesus macaques that are associated with known human traits provides relevant information for assessing the suitability of this species as subjects in certain types of biomedical studies. Among the 59,691 human SNPs reported to be heterospecific in rhesus macaques by Kanthaswamy et al. [13] and successfully genotyped in all twenty humans and rhesus macaques, humans exhibited fixed alleles (or monomorphism) at only 20% of the markers (N = 11,777), while 91% (N = 54,393) of the SNPs in rhesus macaques were monomorphic and 18% of the SNPs (N = 10,686) were monomorphic in both species. Seventy-three percent (N = 43,707) of the SNPs in humans, 2% (N = 1091) of those in rhesus macaques, and 7% (N = 4207) of those in both species were biallelic. Among the 4207 SNPs biallelic in humans and rhesus macaques (exhibiting Fig. 1 Observed and expected heterozygosity distribution for rhesus macaque and human with significant mean differences (P < 0.01).
average pairwise distances of 615.90 and 632.45 kb, respectively), humans exhibited far greater genetic diversity than rhesus macaques. The interrogation of the 4207 biallelic SNP positions revealed significant interspecies differences and highlights the potential effects on biomedical research when rhesus macaques are chosen as models for studying human traits.
Strong positive selection on derived SNP alleles in humans has resulted in an increase of phenotypic variation. A higher average genomewide mutational bias in humans may also have contributed to the higher level of genetic diversity in humans in the present study. Nguyen et al. [23] compared the genes within known human and mouse CNVs and showed that human CNVs were often associated with genes that have relatively elevated ratios of non-synonymous to synonymous substitution rates. This may be seen as evidence for positive selection on CNVs during the evolution of humans, a relaxation of selective pressure or the exertion of purifying selection against CNVs in other gene types and families. One other possible example of selection in humans is the selection for risk variants for diabetes mellitus hypothesized to have occurred during early human evolution as a beneficial adaptive response to store more energy with which to endure environment changes [4, 21, 31] . As humans evolved from early hunter-gatherer to more agrarian lifestyles, food became more readily available, but the once beneficial trait, the 'thrifty genotype', of storing had not co-evolved with it, resulting in hyperglycemic disorders today.
The results of this study are consistent with the identification by the Rhesus Macaque Genome Sequencing and Analysis Consortium [28] of 229 wild-type ancestral variants, such as the 'thrifty genotype' still retained in chimpanzees and rhesus macaques that would cause inherent disease in humans. Besides divergent mutation rates, population bottlenecks and expansions in the recent human and rhesus macaque histories may have distorted measures of human diversity, influencing interspecific differences. The significant difference in genomewide variation in both these species is not consistent with the findings of Yuan et al. [43] who reported that rhesus macaques exhibit three times more SNP diversity than humans. This discrepancy is undoubtedly due to the ascertainment bias of identifying heterospecific SNPs among known human SNPs as opposed to selecting SNPs for analysis in both species simultaneously as in Yuan et al.'s [43] study. Interestingly, despite reporting greater diversity in rhesus macaques across all SNPs, Yuan et al. [43] observed that the number of deleterious SNPs (i.e., those that exhibit damaging effects on protein functions) are similar in both humans and rhesus macaques. While many of the human SNPs in this study are more variable than their orthologs in rhesus macaques, suggesting that more mutations have occurred at those SNPs in the lineage leading to humans, the species-specific difference observed in this study probably stems from the selection of highly variable human SNPs as genetic markers for the target probe. The reliance on SNPs selected from an array containing probes designed to interrogate human diversity (i.e., SNPs first discovered and subsequently developed for maximizing coverage and variation in humans) necessarily diminishes the level of variation discovered using these probes for genotyping rhesus macaques [24, 25] . A higher level of genetic diversity in rhesus macaques than in humans would have undoubtedly been discovered had SNPs originally identified in rhesus macaques been screened to identify heterologous SNPs in humans.
The interspecies allelic differences revealed here using heterospecific SNPs in humans and rhesus macaques should be determined a priori to assess the suitability of rhesus macaques as models for specific human traits. The ancestral but minor human allele A (MAF = 0.19 from dbSNP) at SNP rs3807218 causes the overexpression of the gene DPP6, which Alders et al. [1] proposed as the pathogenic mechanism for familial idiopathic ventricular fibrillation. While the ancestral A allele is present in both humans and rhesus macaques, its frequency has changed drastically between the two species such that the allele is completely fixed in rhesus macaques but relatively rare in humans. However, the derived human allele confers susceptibility to disease for the majority of the heterospecific SNPs associated with human disease leading to fixation in rhesus macaques of ancestral alleles associated with the absence of humanspecific phenotypes. For example, SNP rs5917 controls the formation of Pen human platelet alloantigens, the G allele for Pen a and A allele for Pen b , with Pen b the suspected cause of the immunopathologic conditions post-transfusion purpura and neonatal alloimmune thrombocytopenic purpura [41] . Rhesus macaques are fixed for the G allele, which would result in the species having only Pen a alloantigens if the phenotypes are conserved. As conservation of SNPs does not necessarily imply identity by descent, subsequent DNA and protein analyses of these trait-associated SNPs should be performed in rhesus macaques to determine whether the presence or absence of the alleles at those human SNPs actually yield the same phenotypic or functional effects. Functional studies that interrogate the effects of specific alleles at SNPs associated with various human neuropsychiatric behavioral conditions have been previously conducted in mice [2, 14, 17] . Humanized mice have also been created by inserting human genes and even entire chromosomes into the mouse genome [22] . Although the use of rhesus macaques in these types of studies is currently limited by costs and difficulties involving the construction of transgenic rhesus macaque lines, they may be unnecessary if the same phenotypes occur naturally in rhesus macaques due to the common descent of alleles or have arisen through mutations in the gene orthologs [20, 26] .
Identifying pathogenic or disease-associated human SNPs in model organisms can also be used as the starting points to investigate mechanisms that result in disease. By examining orthologous regions in mice where pathogenic human SNPs are located, Lee at al. [16] and Sur et al. [35] identified regulatory regions involved in inflammation and tumorigenesis, respectively. Alternatively, SNPs affecting human disease, especially extremely rare ones, may first be identified in model organisms and then mapped in humans. For example, a SNP identified in dogs that is associated with obsessivecompulsive disorder was subsequently shown to result in differential gene expression and reduced DNA protein binding in human cells [36] .
More comprehensive studies of both human-specific and rhesus macaque-specific SNPs associated with specific phenotypes can improve our understanding of human diseases and better evaluate the use of rhesus macaques as model organisms. Similar studies involving Chinese rhesus macaques ought to be carried out because Indian rhesus macaques are more highly derived than Chinese rhesus macaques and probably experienced a genetic bottleneck during which many low-frequency alleles still present in Chinese rhesus macaques, and phenotypes associated with them, were lost [10] . Chinese, but not Indian, rhesus macaques provide a useful animal model for the study of phenotypes associated with such SNPs identified as heterologous in humans. Other heterologous SNPs found in Indian, but not Chinese, rhesus macaques will have been derived since the split of Indian rhesus macaques from Chinese rhesus macaques, making Indian, but not Chinese, rhesus macaques a suitable animal model for the study of associated human phenotypes.
